Abstract: Noise is one of the most important environmental problems related to road traffic. During the last decades, the noise emitted by the engines and powertrains of vehicles was greatly reduced and tires became a clearly dominant noise source. The article describes the concept of low noise poroelastic road surfaces that are composed of mineral and rubber aggregate bound by polyurethane resin. Those surfaces have a porous structure and are much more flexible than standard asphalt or cement concrete pavements due to high content of rubber aggregate and elastic binder. Measurements performed in several European countries indicate that such surfaces decrease tire/road noise between 7 dB and 12 dB with respect to reference surfaces such as dense asphalt concrete or stone matrix asphalt. Furthermore, poroelastic road surfaces ascertain the rolling resistance of car tires, which is comparable to classic pavements. One of the unforeseen properties of the poroelastic road surfaces is their ability to decrease the risks related to car fires with fuel spills. The article presents the road and laboratory results of noise, rolling resistance, and fire tests performed on a few types of poroelastic road surfaces.
Introduction
Tire/road noise is the dominant noise source for cars that are already at low speeds (typically as low as 30-40 km/h). Abating traffic noise is hence mainly about reducing tire/road noise. One can (and should) work on the tire properties to reduce noise, but also on the pavement. To reduce the tire/road noise, one can only "turn on three buttons": the pavement texture (minimum of megatexture and maximum of macrotexture), the absorption by the pavement (high accessible void content and a proper shape and length of the "channels" formed by the voids) and the elasticity of the pavement. Low noise pavements based on an optimized texture or a high void content do exist and are even widespread in some countries, such as the Netherlands. However, the third possibility to reduce noise, making the pavement elastic, has hardly been exploited so far in commercially available pavements. Some extra noise reduction is gained in some countries by adding rubber to bituminous pavements, but these pavements are still quite "hard" and the gain is limited, typically 1 up to 2 dB(A). One can suppress tire/road noise much more by making the pavement much more elastic, and this idea is exploited with poroelastic road surfaces (PERS). This article presents some of the research work related to PERS that was carried out by the Technical University of Gdansk and is based on a RAR 2015 conference paper presented by these authors [1] .
PERS was invented and patented at the end of the 1970s by Nils-Åke Nilsson, at that time working for an acoustic consultantcy company in Stockholm, Sweden. It was soon discovered that this pavement has huge noise reduction potential. During the 1980s it was found that noise reduction of up to 10 dB(A) is possible with PERS [2] . All early test fields in Sweden failed very quickly, however, typically within a few weeks, due to major deterioration of the pavement.
1.
By mixing the ingredients on the spot and spreading the wet mix manually or with an asphalt finisher. This is called the in situ application.
2.
The mix is made in the factory and put in moulds, given the time to cure resulting in slabs of 0, 5 mˆ1 m. These slabs are then glued to the sublayer on the test area. 3.
Smaller slabs are produced like in point 2 above and are glued on cement concrete blocks in the factory, which are then laid on the test area in the classical way. During the execution of the PERSUADE project, several test tracks were constructed in four countries: Belgium, Denmark, Sweden and Slovenia. Unfortunately, a test track in Poland has prematurely failed; its composition was basically the same as the Belgian and Danish test tracks but with local aggregates. Nevertheless, it was possible to carry out some measurements on it. The reason of the failure was not enough adhesion of PERS (poroelastic road surfaces) to the existing base layer. Table 1 summarizes the mix type and application method used for the test tracks. At the time of drafting (February 2016), the PERS-SE2-HET2 was already 18 months old and doing just as well as the 6-six-months-old PERS-SE2-HET3. Except for the Slovenian, the other test tracks were removed due to serious damages (raveling and/or debonding).
Test Tires
During the project, several passenger car tires as well as truck tires were tested in the laboratory and on the road. The tires are presented in Table 2 . The tire set contained both reference tires according to [6] , commercial passenger car tires typical for European roads, tires designed for electric vehicles and truck tires included retreaded tires. All tires were new or nearly new (that is used for less than 2000 km). 
Tire/Road Noise Measuring Methods
Tire/road noise was measured on the road according to ISO 11819-2 standard (close proximity method of tire/road noise measurements (CPX) method) [7] using test trailer Tiresonic Mk. 4 owned by TUG [8] . In the laboratory, tire/road noise was measured on the roadwheel facilities with drums of 1.5, 1.7 and 2.0 m diameter equipped with replica road surfaces [9] described in Table 3 . During the measurements, the tires were loaded to 3200 N and the capped inflation pressure was 200 kPa.
Rolling Resistance Measuring Methods
There is no standardized method of measuring tire rolling resistance on the road. To perform rolling resistance tests, test methodology developed in TUG was used together with the test trailer R 2 Mk.2 [8] . The tire load during road measurements was adjusted to 4000 N and regulated inflation pressure to 210 kPa.
During laboratory measurements TUG's roadwheel facilities with drums 1.7 and 2.0 m were used. The roadwheel facilities are designed to test the rolling resistance by means of the torque method [10, 11] . Load and inflation pressure for the passenger car tires were set according to ISO 28580 [12] : the load equal to 80% of the maximum load stated by the Load Index and a capped inflation pressure of 210 kPa. For truck tires of size 275/70R22.5, the load was 2,4800 N and the capped inflation pressure was 700 kPa.
Results

Tire/Road Noise Reduction by PERS
The main reason to develop PERS was its potential for reduction of tire/road noise, which is one of the main environmental problems related to road traffic. PERS has a positive influence on the aerodynamic related tire/road noise generating mechanisms (due to its porosity) and on the vibration related mechanisms (due to its elasticity). The noise properties of PERS were tested both in laboratory on roadwheel facilities with drums covered by PERS slabs manufactured by the company and PERSUADE partner HET, and on the road on test sections paved with different types of PERS.
3.1.1. Laboratory Measurements of Tire/Road Noise on PERS During the test campaign, several tires were tested on different replica road surfaces and on slabs produced by HET (indicated with "PERS-HET"). In Figure 1 , the results obtained for three tires on two replica road surfaces and PERS-HET are presented (for the names, see Table 3 ). A comparison of A-weighted levels shows that for all speeds the tire/road noise on PERS-HET surface is considerably lower than on other road surfaces. The noise reduction provided by PERS-HET increases with speed and, for example, in comparison to dense asphalt concrete it is 7.8 dB for 50 km/h, 10.5 dB for 80 km/h and 12.6 dB for 100 km/h. In comparison to a surface dressing it is 6.9 dB, 9.2 dB and 11.6 dB, respectively. 
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Figure 2. Comparison of spectra for tire T1064 at speed 80 km/h (PERS is the PERS-HET-type (slabs produced by HET)).
A roadwheel facility with a 2.0 m drum was used for testing the noise of truck tires as well. Five tires were tested on PERSr20, ISOr20 and DAC16r20, and the results are presented in Figure 3 . In all cases, the noise emitted on poroelastic road surface is much lower than on other road surfaces that were tested. The difference is from 7 dB up to 13 dB. Also, in the case of truck tires, the noise reduction is visible for a broad range of frequencies, from very low to very high; see Figure 4 .
Drum measurements clearly indicate that the noise emitted on poroelastic road surfaces is much lower than the noise emitted on dense and stiff road surfaces. Generally, noise reduction increases for high speeds reaching over 10 dB for certain tires. A similar noise reduction is obtained for passenger car tires and truck tires. A roadwheel facility with a 2.0 m drum was used for testing the noise of truck tires as well. Five tires were tested on PERSr20, ISOr20 and DAC16r20, and the results are presented in Figure 3 . In all cases, the noise emitted on poroelastic road surface is much lower than on other road surfaces that were tested. The difference is from 7 dB up to 13 dB. Also, in the case of truck tires, the noise reduction is visible for a broad range of frequencies, from very low to very high; see Figure 4 .
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Tire Rolling Resistance on PERS
Rolling resistance of tires is one of the most important factors controlling energy consumption of road vehicles. Influence of rolling resistance on energy consumption is especially important for constant medium speeds. Usually, at low speeds, most of the energy is consumed for the acceleration, i.e., to overcome inertia forces on vehicles (congested traffic), at moderate speeds (50-90 km/h) it is consumed to overcome rolling resistance, and for high speeds to overcome the aerodynamic drag force. The tire rolling resistance may be assessed in the laboratory by using roadwheel facilities or on the road using coast down or trailer methods. Laboratory methods are internationally standardized [11, 12] but the road methods are performed according to methodologies developed by performing organizations. To measure rolling resistance forces on PERS, both laboratory and road methods were In Figure 7 , results obtained on the PERS surface designed and manufactured in Denmark are presented. The measured noise reduction on this test section, in comparison with dense Asphalt Concrete DAC 8, was 6-7 dB. In Figure 7 , results obtained on the PERS surface designed and manufactured in Denmark are presented. The measured noise reduction on this test section, in comparison with dense Asphalt Concrete DAC 8, was 6-7 dB. For comparison: a noise reduction of 6 dB is about the noise reduction yielded by a noise screen with a height of 3 m and, for a noise reduction of 8 dB, the height of the screen has to be 4 m. To reduce the noise with 10 dB, one needs a height of about 6 m and, for 12 dB, even 8 m. The noise reductions measured on the PERS developed in the PERSUADE project are hence substantial and PERS can be thought of being capable of replacing noise screens if they could meet certain minimum criteria regarding durability.
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Laboratory Measurements of Rolling Resistance on PERS
Rolling resistance measurements were performed on roadwheel facilities with diameters of 1.7 and 2.0 m owned by TUG. In Figure 8 , the results obtained for passenger car tires are presented. The coefficients of rolling resistance (C RR ) reported in this figure are corrected for both temperature and drum curvature.
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Rolling resistance measurements were performed on roadwheel facilities with diameters of 1.7 and 2.0 m owned by TUG. In Figure 8 , the results obtained for passenger car tires are presented. The coefficients of rolling resistance (CRR) reported in this figure are corrected for both temperature and drum curvature. The coefficients of rolling resistance measured on the PERS surface are, on average, 24% lower than measured on the replica of a surface dressing (APS4r17), 17% higher than on the replica ISOr20 and 15% higher than on the replica of dense asphalt concrete with 16 mm aggregate (DAC16r20). The results indicate that PERS is positioned somewhere between existing road pavements concerning rolling resistance for passenger car tires.
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It is interesting to investigate the rolling resistance of truck tires on PERS. To do so, six truck tires (of a size commonly used for busses) were tested on a roadwheel facility with a 2.0 m diameter drum. The results are presented in Figure 9 . As the 2.0 m drum is not equipped with a replica of the surface dressing, the measurements were carried out only on PERSr20, ISOr20 and DAC16r20. The results indicate that the rolling resistance of truck tires on a PERS is considerably higher than on a replica of a dense asphalt concrete (DAC16r20) or of an ISO reference surface (ISOr20). Detailed investigation has shown that for truck tires, which induce considerable pressure on the surface, the PERS pavement deflects and the hysteresis of the material leads to energy losses. Considerable energy losses in the pavement lead to increase of its temperature. This phenomenon is documented in Figure 10 . In this figure thermographic images of a truck tire tested on PERSr20 and DAC16r20 are compared. It is clearly visible that the pavement temperature of replica DAC16r20 is much lower (at about 30˝C) than the temperature of PERS in the area touched by the tire (at about 49˝C). One must observe that at 80 km/h, each part of the pavement is contacted by the tire 3.5 times per second, so the actual "traffic intensity" is immense and much higher than it would be possible on the road. 
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The results indicate that the rolling resistance of truck tires on a PERS is considerably higher than on a replica of a dense asphalt concrete (DAC16r20) or of an ISO reference surface (ISOr20). Detailed investigation has shown that for truck tires, which induce considerable pressure on the surface, the PERS pavement deflects and the hysteresis of the material leads to energy losses. Considerable energy losses in the pavement lead to increase of its temperature. This phenomenon is documented in Figure  10 . In this figure thermographic images of a truck tire tested on PERSr20 and DAC16r20 are compared. It is clearly visible that the pavement temperature of replica DAC16r20 is much lower (at about 30 °C) than the temperature of PERS in the area touched by the tire (at about 49 °C). One must observe that at 80 km/h, each part of the pavement is contacted by the tire 3.5 times per second, so the actual "traffic intensity" is immense and much higher than it would be possible on the road. In this context it is important to keep in mind that PERS is only intended to be used on relatively short road sections, namely where there are major noise problems, such as a trunk road crossing a built up area, hence only a small fraction of the road network will be covered with PERS and the influence on the total fuel consumptions will be negligible.
Road Measurements of Rolling Resistance on PERS
Different variants of PERS were also tested on the road. In this paper, only results from the Swedish test tracks (PERS-SE2-VTI and PERS-SE2-HET2,) are presented. The PERS material was laid only in the wheel track areas.
The results obtained on PERS were compared with the adjacent dense asphalt concrete DAC16. The measurements were performed using standard TUG parameters, i.e., a speed of 80 km/h, a load of 4002 N and a regulated inflation pressure of 210 kPa. The results of rolling resistance measurements are presented in Figure 11 . As the measuring conditions were different than in the case of laboratory measurements, the results also differ to some extent. In the case of road measurements, PERS exhibits almost the same rolling resistance properties (for passenger car tires) as DAC16.
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Fire Risk on PERS
One of the major concerns that had to be addressed at the developing stage of PERS was the possibility of excessive danger in the case of an accidental car fire on poroelastic road surface containing rubber particles and polyurethane [13] . In fact, two different risk factors were considered: the rapid spread of fire due to the porosity of pavement and its rubber contain, and the risk of the emission of hazardous substances (such as hydrogen cyanide HCN and mono-nitrogen oxides NOx). The first concern was in clear contradiction to findings of Meiarashi [14] who, over 10 years ago, established by burning a 5 m × 5 m area of PERS that regarding the spreading speed and flame height, PERS was safer than the dense asphalt concrete. In his investigation, Meiarashi used PERS without mineral aggregate (so potentially more dangerous than the material used by these authors) and diesel oil as fuel.
The PERSUADE project management decided to perform comprehensive fire tests of PERS road surface to ascertain that this surface will not create any fire hazard to the road users. This task was given to the TUG and three separate experiments were performed. 
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Emission of Toxic Fumes During PERS Fire
In order to estimate HCN + (CN) 2 emissions during a fire, several tests were performed at the TUG in conditions not covered by any standard but judged as equivalent to a real car fire. Determination of the quantity of HCN and (CN) 2 formed during PERS material combustion was performed. The lowest emission value was 0.0051 mg/g, the highest value was 0.0082 mg/g with average value for all tests being 0.0066 mg/g.
As the results of laboratory tests indicated very low emission of toxic gases from burning PERS samples, it was decided to make road test on a bigger scale using slabs of PERS material placed on cement concrete underlayer. The main reason for this test was to establish the concentration of HCN nearby burning PERS. Each sample of PERS (1.5 mˆ1.5 m) was soaked with 2.5 L of 95 octane gasoline and ignited with a pyrotechnic fuse and a small charge of gunpowder wrapped in cotton wool soaked with gasoline.
During the tests, the concentration of HCN was monitored with a hand held measuring instrument "ToxiRAE" at a distance of 0.5 m and 3.0 m from the centre of the PERS sample. The HCN concentration in the air at a distance of 3 m from the source was maximum 1 ppm. According to literature [15] , a concentration of hydrogen cyanide of 20-40 ppm may lead to "slight symptoms" after several hours of exposure, thus the concentration measured during the experiment must be classified as safe for a short time exposure typical for an emergency situation.
Fire Spread During Car Fire on PERS Pavement
The final check of the PERS behaviour during a real car fire with a fuel spill was performed within a full scale experiment. The PERS slabs were laid on a dry cement concrete surface forming a rectangle of 5 mˆ4 m. The car was placed in the middle of the PERS surface and an ignition system was placed under the car floor. The PERS sample under the car was soaked with 20 L of gasoline. Most of the gasoline was retained in PERS, but after a few seconds some of the fuel (probably 2-5 L) drained in the direction of the car's rear and right side reaching the dense surface not covered by PERS.
In the first stage of the experiment the flames under the car were hardly visible. There was no typical violent combustion despite that 20 L of fuel were just spilled under the car. After about 20 s the flames on the PERS surface were still very small. As it was mentioned above, some of the fuel has drained from the PERS on the plain concrete surface due to the limited size of the PERS sample used for experiment. After about 90 s, this fuel on the concrete pavement caught fire and started to burn intensively. The fuel fire on the dense concrete created a firewall and increased the temperature to such a level that the plastic elements on the right part of the car body started to melt and finally started to burn. According to the subjective impressions of the observers, if the PERS section was larger, there would be no flow-outs of the fuel on the dense surface and, probably, the car would not catch fire at all.
Figures 12 and 13 document the progress of the car fire on the PERS pavement. Figure 12 shows the situation after 30 s from ignition, when there is no fire of the PERS but a small spill of fuel on the concrete surface at the rear part of a car is burning. Figure 13 shows the situation after 260 s, when plastic elements of the car start to burn due to the high temperature created by the burning fuel spill on the concrete. This spill was burning violently and ignited plastic parts of the car. Ignition of plastic parts started an interior fire in the car resulting in its complete destruction.
Unfortunately it was not possible to burn a similar car on a conventional road surface, so a simplified test was performed. Twenty liters of gasoline were spilled on a dense cement concrete and ignited. In contrast to the PERS surface, the whole spill caught fire immediately after ignition and after 15 s the fire looked like it is presented in Figure 14 . 
Conclusions
The TUG measurements and experiments conducted in the frame of the PERSUADE project revealed the following interesting results:
Measurements of the tire/road noise on PERS of the mix #2 type (the one with the higher rubber content) yielded high-to-extreme noise reductions (8 dB up to 12 dB) with respect to the DAC reference surface for reference car tires and surprisingly also for the common truck tires which were tested (7 dB up to 13 dB). The noise gain is over the whole relevant frequency spectrum and tends to increase with increasing speed.
CPX measurements on the Danish and Polish test tracks show noise reductions of respectively 6-7 dB and about 10 dB. For the Danish test track with respect to DAC 8 and for the Polish one in relation to SMA 11.
Rolling resistance measurements on the drum show that for car tires, the rolling resistance on PERS (mix #2) is a little bit higher than on dense asphalt concrete (DAC), but for truck tires it is typically up to 50% higher. Road measurements of the rolling resistance with car tires show similar results for PERS and DAC.
Tires designed for electric vehicles provide a low rolling resistance on PERS surfaces, so the operating range of electric vehicles is not adversely affected by using PERS.
Fire tests on PERS show that there is no particular problem with HCN concentrations, which remain low to very low during a fire. The fire spread in the case of a car accident with a gasoline spill appears to be much slower on PERS than on a conventional impervious pavement.
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